We describe a label-free imaging method to monitor stem-cell metabolism that discriminates different states of stem cells as they differentiate in living tissues. In this method we use intrinsic fluorescence biomarkers and the phasor approach to fluorescence lifetime imaging microscopy in conjunction with image segmentation, which we use to introduce the concept of the cell phasor. In live tissues we are able to identify intrinsic fluorophores, such as collagen, retinol, retinoic acid, porphyrin, flavins, and free and bound NADH. We have exploited the cell phasor approach to detect a trend in metabolite concentrations along the main axis of the Caenorhabditis elegans germ line. This trend is consistent with known changes in metabolic states during differentiation. The cell phasor approach to lifetime imaging provides a label-free, fit-free, and sensitive method to identify different metabolic states of cells during differentiation, to sense small changes in the redox state of cells, and may identify symmetric and asymmetric divisions and predict cell fate. Our method is a promising noninvasive optical tool for monitoring metabolic pathways during differentiation or disease progression, and for cell sorting in unlabeled tissues.
phasor analysis | single cell metabolism T he hallmark of stem cells is their ability to produce a new stem cell by self-renewing, as they generate daughter cells that are committed to differentiation and form specialized tissues (1) . The modulation of the balance between self-renewing divisions and differentiation is a central mechanism for stem cells during embryo development, adult tissue regeneration, and homeostasis. Stem-cell differentiation is a complex process mediated both by intrinsic molecular mechanisms and extrinsic signaling. Intrinsic cell polarity, subcellular localization mechanism, asymmetric centrosome and spindles, as well as cell-cycle regulators can establish self-renewing asymmetry during stem-cell division (2, 3) . The influence of external chemical and physical stimuli, such as molecular gradients, extracellular matrix remodeling, and niche signaling is crucial for stem-cell plasticity and tissue development (4) (5) (6) . Extrinsic signals can be propagated through intracellular signal-transduction pathways that converge to genetic networks that control pluripotency. Many different signaling and transcriptional pathways, which are important for development and cell-cycle regulation, converge on regulation of the redox state of stem cells (5, 7, 8) . In turn, histone posttranscriptional modifications and epigenetic mechanisms, such as phosphorylation, acetylation, and methylation, sense cellular metabolism and the variation of metabolites levels (9) . Hence, redox balance plays an important role in the maintenance and modulation of stem cell self-renewal and differentiation (10) (11) (12) .
In stem-cell research there is a high demand for noninvasive techniques to investigate self-renewal and differentiation. Methods, such as immunohistochemistry, metabolic assays, and PCR are currently used for cell sorting and to measure stem-cell differentiation both in vitro and in tissues. These techniques require long and invasive procedures that render cells unviable and unrecoverable and that are incompatible with in vivo dynamic observations. Recently, noninvasive optical techniques have been developed to obtain information on cell metabolism and discriminate between different states of cells and tissues (13) (14) (15) (16) (17) (18) (19) (20) . These methods exploit intrinsic autofluorescence of cells and tissues and multiphoton microscopy.
Multiphoton microscopy is suitable for high-resolution and long-term imaging of living tissues. This type of microscopy allows investigation of the local environment in femtoliter volumes deep in tissues, thanks to its intrinsic 3D resolution, high penetration depth, negligible out-of-focus photobleaching, and reduced photodamage (21) . Autofluorescence in live tissues arises from endogenous proteins and physiologically relevant fluorophores, such as collagen, elastin, porphyrin, retinoids, flavins, NADH, hemoglobin, and serotonin (22) . NADH and FAD are the main metabolic coenzymes involved in oxidative phosphorylation and glycolysis, and they report on metabolic changes associated with cell carcinogenesis and differentiation (12, 18) , and retinoid signaling is involved in differentiation of stem and precursor cells and embryonic development (23) . Two-photon excited fluorescence alone cannot assign autofluorescence signal to specific intrinsic molecular sources.
Additional methods have been proposed to assign autofluorescence to specific tissue components, but with limited success. Spectral demixing requires the prior knowledge of the metabolite's spectra in tissues. Principal component analysis of emission spectra requires identification of the principal components with specific metabolic relevant species. The discrimination between intrinsic fluorescence sources by emission wavelength is also limited by the overlapping of emission spectra of different fluorescent species, such as NADPH and NADH (24) . Multiexponential fitting of fluorescence intensity decays is difficult to interpret when multiple fluorescent species are present in the focal volume. Several fluorophores and proteins are characterized by conformational heterogeneity and have complex lifetime distribution with more than one exponential component (25) . Moreover processes, such as fluorescence resonance energy transfer, pH variation, scattering, and quenching often occur in tissues. Hence, the choice of a decay model for the intensity decay fitting is often arbitrary and it is difficult to associate specific tissue components to exponential decays (26) (27) (28) .
Here we use the phasor approach to fluorescence lifetime imaging microscopy (FLIM) (29, 30) , which allows a straightforward interpretation of intrinsic fluorescence signal from living tissues directly in terms of physiological relevant fluorophores. We provide images of molecular species by using their phasor fingerprints, without resolving and assigning exponential components to the fluorescence species. We exploit this property to separate multiple tissue components by cluster analysis of the phasor distribution in FLIM images from seminiferous tubules of a mice testis Oct4 GFP transgene that expresses GFP in undifferentiated germ cells. In our approach each fluorescent molecular source is identified by its specific location in the phasor plot. We identify GFP, collagen, FAD, free and bound NADH, retinol, and retinoic acid within the living tissue by using the pure-species phasor locations. We measure the metabolic state of cells in the Caenorhabditis elegans germ line by image segmentation and calculation of the cell phasor distribution of every cell in the tissue. The C. elegans germ line provides a welldefined model for studying the progression from stem cell selfrenewal to differentiation (31) (32) (33) . The cell phasor analysis shows different metabolic fingerprints within that organ.
Results
Phasor Cluster Analysis Separates Individual Tissue Components. The phasor transformation (described in Materials and Methods and SI Materials and Methods) of FLIM images of a living tissue directly provides maps of individual tissue components without prior assumption on the number of species in the tissues (29, (34) (35) (36) . The analysis of the FLIM data in the phasor space is performed by detecting clusters of pixel values in specific regions of the phasor plot. 1D . Based on morphology, the green-colored cluster selects cells, the blue cluster fibers in the basal membrane, the red cluster the rest of the tissue, and the gray one selects specific bright granules.
Identifying Tissue Components Using the Phasor Plot. Using the characteristic phasor fingerprint obtained from individual species allows us to identify individual components in a complex system such as a tissue. Fig. 2A shows the phasor location of the most important intrinsic fluorophores. Their positions in the phasor plot are well defined and clearly separated one from the other. The majority of fluorophores have decay with multiple exponential components because of their conformational heterogeneity. The phasor position of pure GFP is near but not exactly on the universal circle ( Fig. 2A) because the fluorescence decay of GFP is not single exponential (37) . Collagen has a very short lifetime, with a broad distribution of decay components because of the intermolecular cross links (38) . Its phasor is located inside the universal circle and closed to the temporal zero. The phasor position of retinol in DMSO has a specific location, which is different from the one of the retinoic acid in DMSO, in agreement with the measured multiexponential decays in ref. 39 . FAD and free NADH phasor position are located near the universal circle, but bound NADH is located inside because its lifetime is a combination of more than one exponential (40) (41) (42) . The phasor position of protoporphyryn IX (in dimethylformamide and methanol) is located on the universal circle because it is characterized by a single lifetime component (43) .
In Fig. 2 we show that the number of molecular species that can be identified with a unique location in the 2D phasor plot is potentially very large. We note that the separation of many components cannot be obtained when the average lifetime of the species is plotted in a 1D scale, as is usually done in the conventional lifetime analysis approach. All of the components with the same average lifetime but with a different combination of two single exponentials are spread out in a big area of the phasor plot (Fig. S1A ). The phasor representation is especially powerful with respect to the classic multiexponential fitting, when resolving many fluorophores or tissue components with multiple exponential lifetimes (Fig. S1B ), because it does not require the assignment of the exponentials to the molecular species.
The phasor location of the molecular species in Fig. 2A is used as a reference database to analyze the phasor distribution in Fig.  2C that is acquired from seminiferous tubules from a testis of an Oct-4-GFP mouse. The blue and the green clusters in Fig. 2B are located in the position of the phasor that corresponds to the pure GFP and pure collagen measured in Fig. 2A . In the phasor color map in Fig. 2D , the blue and green pixels represent all of the points in the tissue in which GFP and collagen are in the focal volume, with very small contribution of other fluorescence components. High fractional intensities of GFP with respect to the autofluorescence are located in the germ cells that form a chain on the surface of the tubule. The presence of collagen in the tissue is also confirmed by second harmonic generation microscopy (44) . The second harmonic generation signal that is detected in (23) . The presence of retinol and retinoic acid was confirmed by spectral imaging (Fig. S2) . The average autofluorescence arising from the tissue locates in the central part of the phasor plot (red phasor cluster in Fig. 1A ) because it is a mixture of different intrinsic fluorescent components, such as FAD and retinoids.
We provide a map of the relative concentration of individual components within the tissues by visualizing their fractional intensities to the signal (Fig. 3) . Within the same phasor plot the phasor locations of five different molecular species are selected by different clusters based on the chemical species fingerprint in Fig. 2A. In Fig. 3 A and B the colored clusters are assigned respectively to GFP (green), the average tissue autofluorescence (red), collagen (blue), retinol (orange), and retinoic acid (cyan). We first calculate the relative concentration of GFP with respect to the average autofluorescence, then the average autofluorescence with respect to the collagen, and finally the retinol concentration with respect to the retinoic acid. The relative concentration is calculated in every pixel of the image with a graphic analysis by looking at the position of the pixel in the phasor plot along the line connecting the two molecular species. In Fig. 3B a linear cluster with a color scale from green to red shows all of the possible relative concentrations of GFP and average autofluorescence. Each point along the cluster has a Fig. 3D . The phasor position of cells with different expression of GFP lie along the line between the GFP position and the autofluorescence phasor points.
Using this principle, we directly visualize different states of differentiation of the germ cells within the tissue. In Fig. 3D the last three stem cells of the chain, marked by one arrow, contain a smaller ratio of GFP to autofluorescence with respect to the other cells of the chain; they are differentiating thus decreasing the expression of Oct4-GFP. The germ cell marked with two arrows has lost almost all its Oct4-GFP expression. The relative concentration of autofluorescence and collagen is calculated and mapped in Fig. 3E , with a color scale from red to blue; that of retinol and retinoic acid is shown in Fig. 3F , with a color scale from orange to cyan.
In Vivo Identification of Changes in Metabolic State as Germ Cells
Differentiate in C. elegans. Here we show that the introduction of the cell phasor concept allows identifying gradients of metabolic activity in live tissue. Excitation of intrinsic fluorescent species can be maximized by tuning the excitation wavelength of the Ti:Sapphire laser. Collagen, GFP, and FAD two-photon excitation cross-sections have a peak around 900 nm; NADH is maximal around 740 nm (22, 24) . Fig. 4 shows the two-photon excited fluorescence images acquired in the living tissue from the C. elegans germ line excited at 740 nm (Fig. 4A ) and at 880 nm (Fig. 4 B and E). The germ line expresses a histone-GFP fusion protein that allows identification of the most obvious steps of differentiation, but does not make it possible to distinguish between stem cells and cells in the earliest stages of differentiation. The distal pool of the mitotic region contains undifferentiated cells maintained in a "stem cell-like state," but the proximal pool contains cells that are closer to differentiating (32) . More proximally, the transition zone contains cells that have differentiated and entered a meiotic prophase (as shown by crescent-shaped DNA), and the meiotic pachytene region contains cells that have further progressed through meiosis. Fig. 4E shows the phasor distribution of the FLIM image excited at 740 nm. The intrinsic fluorescence of the tissue is a mixture of FAD and NADH, which are both excited at 740 nm. We confirm the presence of these metabolites by spectral imaging (Fig. S3) . We calculate the cell phasors by performing manual image segmentation. We select the regions of interest of germ cells with a circular cursor of 5-μm diameter (red cursor in Fig. 4 C  and D) . The cell phasor value of a germ cell is calculated within the circular cursor. We plot the cell phasor values of germ cells in the scatter diagram of Fig. 4F (squares) . Because of the tight association between the distal-tip cell and germ cells (45) , and because the distal-tip cell cross-section on transverse sections decreases with distance to the distal end, we cannot exclude an important contribution of the distal-tip cell to any autofluorescence trend on the distal-proximal axis. This issue will be revisited in future studies. Cell phasors cluster according to their differentiation state (Fig. 4 F and G) . The distributions of cell phasors of the distal mitotic region (blue), the proximal mitotic region (red), and the transition zone (green) are significantly different (t test, P < 0.05) (Fig. 4F) . The same trend of cell phasor distributions has been found in six independent C. elegans germ lines (Fig. 4G ) and their distributions are statistically different (t test, P < 0.05) (Fig. 4H) . The phasors of the germ cells along the main axis of the C. elegans germ line (Fig. 4 F and J) show heterogeneity in the concentration of FAD and free and bound NADH (Fig. 2 and Fig. S3 ). During differentiation, the concentration of FAD decreases, but the concentration of bound NADH increases with respect to free NADH (Fig. S3 A and B) . The blue shift in the spectrum during differentiation (Fig. S3 C and D) confirms a decrease in FAD concentration and an increase of the bound/free NADH ratio during differentiation. Fig. 4J shows the cell phasors of germ cells in the mitotic region according to their position from the distal tip to the proximal end (Fig. 4I) . The trend in the cell phasors along the mitotic region (Fig. 4 I and J) suggests a gradient in the expression of regulators promoting differentiation and self-renewal, which influence the metabolic states of cells. Here we show that the phasor approach to FLIM can map stemcell metabolism in label-free living tissues. This method provides a metabolic fingerprint of cells and can identify and classify stem cells and differentiating cells according to their metabolic state. We measure small metabolic changes during differentiation and map metabolic gradients in tissues. FLIM phasor is a "fit-free" method that requires no assumption or a priori knowledge on the biological system and provides unbiased representation of the FLIM raw data. We separate and identify tissue components by cluster analysis: that is, detecting clusters of pixel values in specific regions in the phasor plot (Fig.  1) . This method provides high selectivity in identifying fluorescence components that cannot be separated by a multiexponential fitting or by analyzing the average lifetime. Multiexponential fitting can separate only a limited number of single exponential components (i.e., a few components in a mixture of multiple fluorescence species). The mean lifetime offers a contrast whose physical interpretation is ambiguous and cannot separate tissue components with the same mean lifetime but characterized by different lifetime distributions (Fig. S1A) . The phasor approach instead provides excellent discrimination of intrinsic molecular sources in live tissues, where the majority of pixels have a complex multiexponential decay (Fig. 1, and Figs. S1B, S4, and S5). Phasor FLIM allows fast analysis of large datasets and provides a global overview of the decay properties by analyzing all pixels of the image at once.
We determine the phasor location of some relevant endogenous fluorophores, such as collagen, free and bound NADH, FAD, retinol, retinoic acid, and porphyrin. However, the number of fluorescent chemical species that can be identified by their phasor signature is not limited. The phasor location of every molecular species in the histogram is uniquely determined by their fluorescence decay. The phasor fingerprint of chemical species avoids the resolution of lifetime components of fluorophore decay and allows interpreting FLIM images directly in terms of chemical species. The phasor location of endogenous fluorophores is used as a guide to identify them in mice and in C. elegans germ lines (Figs. 2 and 3, and Fig. S3 ). Phasors allow an easy quantification of the relative concentration of molecular species in living tissues. Phasor coordinates are a linear function of molecular species and a mixture of fluorescent species are identified by a graphic analysis. We measure and map the relative concentration of fluorescent species (Fig. 3 and Fig. S3 ) directly from the position of the pixel in the phasor plot on the straight line connecting the two chemical species.
FLIM phasor provides metabolic fingerprints of cells through image segmentation and the calculation of cell phasors (Fig. 4) . Different positions on the main axis of the C. elegans gonad are statistically attributed to different average phasor values and we can sort them by their metabolic state (Fig. 4 F and H) . The evolution of the distal-most cell phasor fingerprint, although moving proximally (Fig. 4F) , reflects a decrease in the concentration of FAD and an increase in the ratio of bound/free NADH (Fig. S3) , consistent with what would be expected for stem cells and their differentiating descendants (13, 16, 19) . Growth factors that promote self-renewal cause stem cells to become more reduced, but signaling molecules that promote differentiation cause progenitors to have a higher oxidation potential (12) . The change in the metabolic fingerprint during differentiation (Fig. 4E ) may also suggest a change in the binding sites of NADH (Fig. 2 and  Fig. S3 ). The gradient of cell phasors in the mitotic region (Fig.  4J ) reflects a progression from undifferentiated stem cells to early differentiation. This finding may also reflect a contribution of the distal dip cell to the signal. Cell phasor heterogeneity among mitotic cells (Fig.4J) could reveal symmetric and asymmetric divisions occurring at the level of the niche. In fact, cell phasor signaling controls the production of stem cells' daughter and differentiated progenies at the level of individual cells.
FLIM has previously been used to distinguish different states of stem cells only in vitro (13, 16, 19) . However, the traditional way of fitting in every pixel of the complex intensity decays with two exponentials assumes that the ratio of the "short" and "long" components is equivalent to the ratio of free/bound NADH. Furthermore, other fluorophores can contribute to the average short or long components and bound NADH is characterized by a multiexponential decay. The 2D phasor representations instead allows us to measure differences in the FLIM signature regardless of the complexity of the lifetime decay (Fig. 4 and Fig. S1 ).
With phasor FLIM it is possible to easily discriminate undifferentiated stem cells from different stages of differentiation (Fig. 4) and possibly identify asymmetric divisions. Time-lapse phasor FLIM imaging can be performed to obtain information on the dynamics of cell activity, physiological processes thus monitoring tissue development over time. The phasor method of FLIM is capable of measuring small differences in metabolic states among stem cells (Fig. 4I) . Relatively small changes in intracellular metabolite levels over a narrow range can modulate cell fate and function with profound difference in outcome (12, 46, 47) . Hence, the cell phasor fingerprints of cells could be used to predict stem-cell fate and to characterize stem-cell plasticity and the commitment of stem cells to differentiation. It would be also interesting to monitor the metabolic fingerprint evolution in the phasor plot of different differentiation pathways to cell lineages.
In conclusion, the phasor approach to FLIM provides a more quantitative and straightforward interpretation of physiological processes in living tissues than the classic approach based on average lifetime histograms. Phasor FLIM provides metabolic fingerprints of cells and tissues without any fitting procedures and assumptions that could introduce artifacts in the data interpretation. Hence, phasor FLIM allows an unbiased identification and classification of metabolic states of cells in a similar way to flow cytometry scattergrams.
The phasor approach in tissues is a promising tool in biology, biophotonics, and biomedical research to track in vivo metabolic changes that are associated with stem-cell differentiation, cell carcinogenesis, and apoptosis. This approach could provide important insight into the signaling pathways and regulatory networks, which are involved in cell self-renewal differentiation and oncogenesis in a variety of tissue and organs. The phasor approach to FLIM would also be helpful to monitor cell metabolism and at the same time characterize the 3D microenvironment of tissues by detecting extracellular matrix remodeling and molecular gradients. The ability to observe and isolate cancer cells and stem cells noninvasively based on their metabolic state in living tissues has important implications for early diagnosis and new therapeutic strategies. The detection of malignant transformation of progenitor cells and aberrant differentiation of cancer cells could be performed in vivo. Label-free discrimination between self-renewal and differentiation by a phasor approach to FLIM would be suitable to noninvasively monitor embryonic stem cells and to design new approaches to reprogram somatic cells to a pluripotent stem-cell fate. The phasor approach to FLIM could be of interest to label-free cell sorting and high-throughput screening for drug discovery, cell replacement therapies, and tissue engineering.
Materials and Methods
Mice Seminiferous Tubule Preparation. One-year-old mice expressing GFP from an Oct4 transgene were scarified. Seminiferous tubules were extracted from the testes and mounted between coverslip in PBS medium. Fresh tissues are imaged within 2 h of the extraction. All animal procedures were performed in strict accordance with the National Institutes of Health and Institutional IACUC guidelines.
Solution preparations are described in SI Materials and Methods.
Worm Maintenance and Germ-Line Preparation. Strain AZ212 (ruIs32 [pie-1:: GFP::H2B + unc-119(+)]) (48) , expressing a histone-GFP fusion in germ-line nuclei, was maintained at 20°C, as previously described (49), with Escherichia coli HB101 as a food source. Worms were staged at L4, 24 h before gonad extrusion in PBS supplemented with 0.2 mM levamisole and rinsing with PBS. Germ lines were imaged within the hour following dissection.
Imaging. The microscope set-up is described in SI Materials and Methods. The FastFLIM method is described in ref. 35 .
Cell Phasor Data Analysis. Every pixel of the FLIM image is transformed in one pixel in the phasor plot, as previously described, and reported in detail in SI Materials and Methods (29) . The coordinates g and s in the phasor plot are calculated from the fluorescence intensity decay of each pixel of the image by using the transformations defined in SI Materials and Methods. The analysis of the phasor distribution is performed by cluster identification. Clusters of pixel values are detected in specific regions of the phasor plot. The cluster assignment is performed by taking into account not only the similar fluorescence properties in the phasor plot but also exploiting the spatial distribution and localization in cellular substructures or tissues; we achieve this by applying a median filter (see SI Materials and Methods) that imposes a correlation between cluster of pixels in the phasor plot and pixels of the image without decreasing the spatial resolution. This process allows better confining of a cluster to a specific phasor value by reducing the statistical error in the phasor associated with each pixel of the image. Regions of the image with different decay profiles and characteristics can be better delineated. To obtain information on the chemical composition of tissues, we compared the size of their phasor distribution with the statistical uncertainty, which depends on the inverse of the square-root of the number of photons collected. If the size of the phasor distribution was comparable to the statistical uncertainty, we selected an independent molecular species using a circular selection cursor. If the phasor distribution size was greater than the statistical uncertainty, we selected a mixture of molecular components using a cursor that joins the two molecular species. Fractional intensities of chemical species in every pixel of the image are evaluated with a graphic analysis in the phasor plot (see SI Materials and Methods). We performed image segmentation on the FLIM data by selecting the region of interest of germ cells within the tissue. The region of interest of cells was selected by using a circular cursor of 5-μm diameter. We calculated the phasor average value within these regions of interest. When measuring the cell phasor, all pixels of the cell (about 1,000) were taken into account and the signal-to-noise ratio of the FLIM signature of cells was higher than in single pixels. All phasor transformation and the data analysis of FLIM data were performed using SimFCS software developed at the Laboratory for Fluorescence Dynamics, University of California at Irvine.
